This work presents evidence that photo-excitation of guanine radical cations results in high yields of deoxyribose sugar radicals in DNA, guanine deoxyribonucleosides and deoxyribonucleotides. In dsDNA at low temperatures, formation of C1 0 is observed from photo-excitation of G + in the 310-480 nm range with no C1 0 formation observed >520 nm. Illumination of guanine radical cations in 2 0 dG, 3 0 -dGMP and 5 0 -dGMP in aqueous LiCl glasses at 143 K is found to result in remarkably high yields ($85-95%) of sugar radicals, namely C1 0 , C3 0 and C5 0 . The amount of each of the sugar radicals formed varies dramatically with compound structure and temperature of illumination. Radical assignments were confirmed using selective deuteration at C5 0 or C3 0 in 2 0 -dG and at C8 in all the guanine nucleosides/tides. Studies of the effect of temperature, pH, and wavelength of excitation provide important information about the mechanism of formation of these sugar radicals. Time-dependent density functional theory calculations verify that specific excited states in G + show considerable hole delocalization into the sugar structure, in accord with our proposed mechanism of action, namely deprotonation from the sugar moiety of the excited molecular radical cation.
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INTRODUCTION
Free radicals on the deoxyribose moiety of DNA are precursors to DNA strand breaks, with the double strand break known to be the most biologically significant radiation-produced lesion (1) (2) (3) (4) . Elucidation of the production and nature of DNA sugar radicals is, therefore, critical to understanding their damaging effects in DNA. The deoxyribose radical formed by hydrogen atom loss at the C1 0 position (C1 0 ) is known to result in an alkali labile strand break, whereas the C3 0 , C4 0 and C5 0 sugar radicals can lead to frank strand breaks (5) (6) (7) . Although some progress has been made in understanding the sugar radicals that are present in DNA irradiated at low temperatures, using both low and high LET radiation (8) (9) (10) (11) (12) (13) , there is, as yet, no clear picture of the radiation yield of the individual sugar radicals formed and stabilized at low temperatures in irradiated DNA. Thus, there is a substantial ongoing effort to identify and characterize the radicals formed on the deoxyribose-phosphate backbone in irradiated DNA and on the sugar moiety in DNA nucleoside/tide model compounds (8) (9) (10) (11) (12) (13) (14) (15) . Two mechanisms for sugar radical formation have been recently described. In one, photo-excitation of a base radical cation results in charge and unpaired spin transfer to the sugar followed by deprotonation from the sugar (12,13); a second invokes low energy electron induced C-O or P-O bond dissociation resulting in radicals from phosphate loss (16, 17) .
Radiation studies have been employed in previous work to produce deoxyribose radicals in DNA and in model compounds in a variety of systems, such as single crystals, aqueous glasses and frozen aqueous solutions; this literature has been reviewed [ (8) (9) (10) (11) (12) (13) (14) (15) (16) (17) and references therein]. At low temperature, in irradiated hydrated-DNA, both C1 0 and C3 0 have been identified (8) (9) (10) (11) (12) (13) (14) (15) (16) (17) (18) (19) . However, to the best of our knowledge, there have been no reliable identifications of C2 0 , C4 0 or C5 0 stabilized in hydrated DNA at low temperatures (12, 13) .
Characterizing sugar radicals in g-irradiated DNA at low temperatures using ESR spectroscopy has been fraught with difficulty (8) (9) (10) (11) (12) (13) (14) (15) (16) (17) (18) (19) because they comprise only a small percentage (10-15%) of all radicals formed, and because of the variety of sugar radical conformations defined by the pseudo-rotation cycle (20) . Since ESR spectral parameters for any sugar radical will strongly depend on the sugar conformation, the latter complicates the identification and characterization of sugar radicals even apart from their low yields (21) (22) (23) (24) (25) (26) . This work follows our recent work, which showed that photo-excitation of guanine radical cation (G + ) in DNA and in 2 0 -deoxynucleosides/tides at 77 K results in the formation of deoxyribose radicals (15) . In g-irradiated DNA, the guanine radical cation (G + ) is the dominant electron loss center (8) (9) (10) (11) (12) (13) (14) (15) (16) (17) (18) (19) consistent with the fact that among the DNA bases, guanine has the lowest oxidation potential at pH 7 (7, (27) (28) (29) (30) (31) . In this work, we report experimental and theoretical results that clarify the mechanism of formation of sugar radicals in DNA-and guanine-based model systems. Specifically, we report the wavelength dependence for the formation of C1 0 from photo-excited G + in dsDNA and, in doing so, correct an earlier report (15) . Furthermore, using 2 0 -dG, 5
0 -dGMP and 3 0 -dGMP, we identify and further characterize C1 0 , C3 0 and C5 0 formed via photo-excitation of guanine radical cations; selective deuteration at C3 0 , C5 0 and C8 is used to confirm radical assignments. Most importantly, by performing the photo-excitation at elevated temperatures ($143 K) and controlling conditions, such as pH, we have been able to achieve near complete conversion of guanine radical cations to specific sugar radicals. We note that this work shows that guanine radical cations in DNA and model systems readily convert to deoxyribose radicals via photo-excitation, and that this observation has implications for many studies [(32) and references therein] in which holes (guanine radical cations, G + ) in DNA are subjected to visible illumination.
MATERIALS AND METHODS

DNA sample preparation
Salmon testes DNA (sodium salt, 57.3% AT and 42.7% GC), was obtained from Sigma Chemical Company (St Louis, MO). Deuterium oxide (99.9 atom% D) was obtained from Aldrich Chemical Company Inc. (Milwaukee, WI). These were used without any further purification. Ice-like samples of DNA, with or without Tl 3+ , were prepared using procedures described previously [(15) and references therein]. The Tl 3+ loading used (1/10 bp) is sufficient to thoroughly suppress the reductive-damage pathway (33) and allows observation of the formation of sugar radicals from photo-excited G + (15) . All samples were stored at 77 K.
Model compound sample preparation To prepare glassy samples, $3 mg of nucleoside or nucleotide were dissolved in 1 ml of 7 M LiCl in D 2 O in the presence of 5 mg K 2 S 2 O 8 . If required, the pH was adjusted by adding appropriate amounts of 1 M NaOH in D 2 O or concentrated HCl under ice-cooled conditions. All pHs were measured using pH paper; because of this and because of the high ionic strength of the glasses, the pHs reported here are approximations. The solutions were then thoroughly bubbled with nitrogen. Using these solutions, the glassy samples were then prepared by cooling to 77 K as reported earlier (15) . All samples are stored at 77 K.
g-Irradiation
DNA and DNA-Tl 3+ ice samples were g-irradiated ( 60 Co) with an absorbed dose of 15.4 kGy. Glassy samples of nucleosides and nucleotides were g-irradiated with an absorbed dose of 2.5 kGy. All irradiations were performed at 77 K.
Annealing and illumination of samples g-Irradiated DNA and DNA-Tl 3+ ice samples were annealed to 130 K to remove the ESR signal of OH (35, 36) ; since the OH is in the separate ice phase, annealing does not result in additional DNA radicals (35, 36) . These samples were then illuminated with light at two different temperatures. At 77 K, either of the two sources was used: (i) a 200 W high pressure Xe lamp (Oriel Corporation), with cut-off filters which cut off light <310 nm, <480 nm, or <540 nm, or band-pass filters (340-370 nm and 380-480 nm), (ii) a Nd-yag laser at 521 nm, with 40 J/pulse and a 10 Hz repetition rate. At 143 K, a 250 W tungsten lamp was used with and without a variety of cut-off filters.
Glassy guanine model compound samples were annealed to 150 K for 10-12 min (see Results) which resulted in the loss of (light yellow) Cl 2 À and the concomitant formation of G + as evidenced by the ESR spectrum and color development in the sample: red-violet at pH < 9, and blue at pH > 11. The samples of deoxyribonucleosides/tides were illuminated at a variety of temperatures using a 250 W tungsten lamp with and without cut-off or band-pass filters. The phrase 'visible light illumination' used throughout this paper refers to illumination with this lamp with wavelengths <310 nm cut-off; because of the small size of the sample and small solid angle it subtends, only a small fraction of the 250 W impinges on the sample.
Electron spin resonance
After g-irradiation, annealing and light illumination, the ice or glassy sample was immediately immersed in liquid nitrogen, and an ESR spectrum recorded at 77 K and 40 dB (20 mW) [ (11, 15, 33) and the references therein]. Fremy's salt (with g ¼ 2.0056, A N ¼ 13.09 G) was used for field calibration.
Analysis of ESR spectra
ESR spectra presented in this paper have been computer analyzed for component radicals by use of benchmark spectra. The fractional compositions of radicals observed in experimental spectra were determined using least-square fittings of benchmark spectra with the help of programs (ESRPLAY and ESRADSUB) developed in our laboratory [(11,15,33) and the references therein]. A sharp singlet spike from irradiated quartz at g ¼ 2.0006 was subtracted from all spectra before analysis.
The origin of the benchmark spectra used is described in the Appendix. The benchmark spectra for nucleosides/tides shown in Figure 1 are those for C1 0 ( Figure 1A ), C5 0 ( Figure 1B ) and C3 0 ( Figure 1C and E). Two benchmark spectra for C3 0 are used ( Figure 1C and E) because the three major hyperfine coupling constants vary slightly with compound and temperature of illumination (Table 2 ). For analysis of the spectra obtained from DNA, the benchmark spectra used include the guanine one-electron oxidized radical cation (G + ), the one-electron reduced species, namely T À and C(N3H), and a composite spectrum of neutral radicals found in low temperature irradiated DNA [(15,33) and references therein].
Time-dependent density functional theory (TD-DFT) calculations TD-DFT calculations were performed to determine the energy and the nature of the molecular orbitals in geometry optimized 2 0 -dG
Optimization was performed with DFT using B3LYP functionals with the 6-31G(d) basis set provided in the Gaussian 03 program package (37) (38) (39) . TD-DFT calculations were performed using the 6-31G(d) and 6-311++G(d,p) (see Supplementary Data) basis sets for a total of 16 electronic transitions. Calculations for 24 transitions using the 6-31G(d) basis set gave identical results for the first 12 states which are considered in this work. Figure 2 shows the UV-visible absorption spectrum of G + in 2 0 -dG, taken at 77 K in a 7 M LiCl glass. This spectrum is very similar to that reported by others for G + in TpdG, dCpdG and ApG in aqueous solution at room temperature (40) as well as in aqueous solutions of double-stranded oligonucleotides containing a GGG sequence (31) .
RESULTS
UV-VIS absorption spectra of G +
For DNA, the conversion of photo-activated G + to sugar radicals occurs with light of wavelength 310-480 nm, but not with wavelengths >520 nm. In contrast, the deoxynucleosides/tides investigated show no wavelength dependence for the conversion of G + to sugar radicals at wavelengths from 310 nm and above (vide infra). Figure 3A shows the ESR spectrum obtained from g-irradiated samples of frozen aqueous solutions of DNA. The spectrum is identical to that obtained in previous investigations and has been previously assigned to 85-90% base radicals [36% G + , 36% C(N3)H, 15% T À ] and 10-15% neutral (largely deoxyribose) radicals (13) (14) (15) . The spectrum in Figure 3B was obtained after illumination of the sample at 77 K for 1 h (200 W xenon lamp) using a filter which cuts off wavelengths <310 nm. This spectrum has prominent line components associated with the quartet ESR spectrum of C1 0 and small line components from the thymine deuterium atom adduct, TD (15) . This observation is the same as that reported earlier (15) , but with an important amplification and clarification of the wavelength of light that causes the photolytic conversion. In this regard, Figure 3C shows the spectrum of an identically prepared sample that initially gave the ESR spectrum in Figure 3A , but that was illuminated with 521 nm light from an Nd-YAG laser for 30 min. This spectrum is identical to that shown in Figure 3A and indicates that 
Frozen solutions of DNA
Computer simulated spectra of C3 0 , to match experimental spectrum of E. (See Table 1 and Appendix for details). Figure 3B . Figure 3D shows a simulated ESR spectrum of C1 0 in DNA using the couplings in Table 1 and a line width of 5 G (15). The line components of the simulated spectrum nicely match those in Figure 3B .
In spectra 3F to 3H, we present ESR spectra that result from illumination of G + in DNA-Tl 3+ ice samples (77 K, 200 W Xe lamp), at different wavelengths. Figure 3E shows the spectrum of a sample before illumination. In agreement with previous results, analyses using the benchmark spectra shown in Figure 1 and those in ref. (15) indicate that this spectrum is a composite originating with $50% G + , a small amount of T À and C(N3)H and the remainder sugar radicals (15). Spectrum F was obtained by photo-excitation of the sample for 100 min using a 380-480 nm band-pass filter. This spectrum shows prominent line components from C1 0 . Both spectra 3E and 3F have approximately the same total integrated radical intensities, and thus it is evident that most of C1 0 originates with a photolytic conversion. The isolated spectrum of C1 0 shown in Figure 3H results from the subtraction of spectrum 3E (100%) from 3F with an addition of G + (20%) to compensate for the loss of G + by photolysis. Photo-excitation (200 W Xe lamp) of DNA-Tl 3+ ice samples with light in the 340-370 nm band yields results identical to those from the 380 to 480 nm band. However, at wavelengths >540 nm, C1 0 is not produced in these samples at 77 K ( Figure 3G ). As observed in DNA-ice samples lacking Tl 3+ , illumination of DNA-Tl 3+ samples with light <310 nm does not contribute significantly to the formation of C1 0 . In summary, these experiments show that, in DNA, illumination with light in the 310-480 nm range causes conversion of G + to C1 0 , and light under 310 nm or >520 nm does not cause the conversion (Schemes 1 and 2). Figure 4 illustrates the method used to prepare G + in LiCl glasses. Figure 4A shows the ESR spectrum (77 K) of a sample + showing the growth of the spectrum from C1 0 ; addition of the G + spectrum added compensates for its loss in F on photolysis.
MODEL COMPOUNDS
Formation of base radical cations in aqueous glass
of a nucleoside in 7 M LiCl containing K 2 S 2 O 8 , g-irradiated to a dose of 2.6 kGy; in this instance the nucleotide is 5 0 -D,D-2 0 -dG, but the identity of the nucleoside/tide is unimportant in the process described. The spectrum shows the central portion of the 700 G wide multiplet from Cl 2 À and a sharp singlet from SO 4 À , produced, respectively, from radiation-produced holes and electrons (reactions 1 and 2). Annealing at 125 K for 10 min results in the oxidation of Cl À by SO 4 À to yield Cl 2 À (reaction 3) and its spectrum ( Figure 4B ). Further annealing at 150 K for 10 min permits Cl 2 À to diffuse to and react with the guanine moiety of the nucleoside (reaction 4). The resulting spectrum ( Figure 4D ) originates, in this case, from G + , without observable spectra from any other radical and is the same as that observed earlier for G + (8) (9) (10) (11) (12) (13) (14) (15) (16) (17) (18) (19) . In fact, the ESR spectra from G + in all of the guanine nucleosides/ tides except 8-D-2 0 -dG are identical.
-dG and its deuterated derivatives
In Figure 5A , we show the ESR spectrum of G + in 2 0 -dG, after preparation from reaction with Cl 2 À . Figure 5B shows the spectrum after 200 min of visible light illumination at 77 K. After illumination, four new weak line components, which have previously been assigned to C3 0 (8) (9) (10) (11) (12) (13) (14) (15) (16) (17) (18) (19) , are visible in the wings of the spectrum (arrows). Figure 5C shows the spectrum of a sample prepared identically to that in Figure 5A , after 100 min of illumination at 143 K followed by subtraction of the spectrum of G + (5A) as $10% of the intensity of the original spectrum. The resulting spectrum (5C) is attributed entirely to sugar radicals. Computer analysis of this spectrum using the benchmark spectra for C1 0 , C5 0 and C3 0 shown in Figure 1A -C, respectively, indicates it is a composite from C1 0 ($10%), C5 0 ($55%) and C3 0 ($35%) ( Table 4) .
In earlier work, we suggested that the central doublet in spectrum 5C, now assigned to C5 0 , might be due to 8-HO-G (15). However, using 8-D-2 0 -dG handled, irradiated and illuminated identically as 2 0 -dG, the spectrum shown in Figure 5D results. The central ca. 19 G doublet present in 2 0 -dG is still present; had the doublet been due to 8-HO-G, it would have collapsed to a singlet in the deuterated compound. Because of the smaller magnetic moment of deuterons, they show couplings that are only 15% (1/6.514) that of protons in the same environment. Thus, the results with the C-8 deuterated compound show that the doublet cannot originate with 8-HO-G. After photo-excitation of G + in 3 0 -D-2 0 -dG at 143 K and subtraction of the remaining G + (15% of the original spectrum), the resulting spectrum is shown in Figure 5E . In this case, the overall features of the spectrum are the same as for 2 0 -dG and 8-D-2 0 -dG. This confirms the C3 0 proton is not the source of the central doublet splitting. We do note the doublet splitting is observed to be slightly smaller ($17 G) than that in 2 0 -dG and 8-D-2 0 -dG ($19 G). The spectrum found after photo-excitation of G
0 -dG at 143 K ( Figure 5F ) and subtraction of the remaining G + (15% of the original spectrum) is shown in Figure 5E . As can be seen, the central ($19 G) doublet observed in 2 0 -dG and 8-D-2 0 -dG is converted to a singlet. It should be noted that the singlet in Figure 5F does not originate with any remaining G + , since it differs considerably in shape from the G + spectrum (see Supplementary Data S1); most importantly, the characteristic visible absorption associated with G + is lost after 100 min of photo-excitation.
The collapse of the doublet to a singlet only in 5 0 -D,D-2 0 -dG and not in 3 0 -D-2 0 -dG restricts the choice of radicals giving rise to the doublet. In principle, the doublet could be due to an alpha-hydrogen on C5 0 or a beta-hydrogen on C4 0 ; no other radical should have a significant hyperfine coupling to a C5 0 proton. The results for deuteration at C3 0 show that the doublet remains. This is more consistent with C5 0 than C4 0 . We therefore assigned the doublet in spectra 5C-5E and the corresponding singlet in 5F to C5 From the yields of C5 0 in 5 0 -protonated versus 5 0 -deuterated 2 0 -dG, we have estimated a small deuterium isotope effect for the formation of C5 0 of $1.5 ± 0.3. From the yields of C3 0 in 3 0 -protonated versus 3 0 -deuterated 2 0 -dG, we have estimated a small deuterium isotope effect for the formation of C3 0 of $1.3 ± 0.3.
Wavelength dependence of sugar radical formation from photoexcitation of G + in 2 0 -dG An examination of the dependence of the wavelength of light used to illuminate the radical cation (G + ) of 2 0 -dG on the relative yields of the resulting sugar radicals was performed. No significant dependence on the wavelength of light was found (Table 2) .
In Figure 6A , we show the ESR spectrum of G + (77 K) from 5 0 -dGMP produced through oxidation by Cl 2
À
. Figure 6B shows the ESR spectrum after 200 min of visible light illumination at 77 K. Computer analysis using the benchmark spectra in Figure 1 and the G + spectrum from Figure 6A indicates that $30% of the original G + is converted to sugar radicals; in this sugar radical cohort the spectral composition is C1 0 ($15%), C3 0 (30%) and C5 0 (55%) ( Table 4 ). Warming this sample to 143 K without any photo-excitation in the dark results only in small changes in hyperfine couplings and sharpening of the C1 0 and C3 0 spectra (data not shown). This effect is ascribed to structural relaxation of the radicals.
On photo-excitation of a new sample of G + in 5 0 -dGMP at 143 K, spectrum 6C is observed; near complete conversion of G + to C1 0 is observed after only 30 min of illumination. After subtraction of G + as 5% of spectrum 6C, the remaining sugar radical spectrum originates with $95% C1 0 and 0 has collapsed to a singlet. All ESR spectra are recorded at 77 K. The sample in (A) is red-violet; those in (C-F) were colorless. $5% C3 0 . The $19 G doublet from C5 0 is not present at any observable level. After subtraction of the appropriate amount of C3 0 , the spectrum in Figure 1A results. The g-values and hyperfine couplings of the C1 0 spectrum thus obtained agree well with those in the literature (8) (9) (10) (11) (12) (13) (14) (15) (16) (17) (18) (19) and, hence, Figure 1A is used as a benchmark spectrum for C1 0 .
3 0 -dGMP and its deuterated derivative 3 0 -dGMP and 8-D-3 0 -dGMP were investigated to determine the effect of phosphate position on radical formation and to ascertain whether or not there is any contribution of the base adduct radical 8-HO-G to the ESR spectra observed. Identical results were found for these two compounds, except that the spectrum from G + is sharper in 8-D-3 0 -dGMP than in 3 0 -dGMP. Only the results for 8-D-3 0 -dGMP are presented. Figure 7A shows the ESR spectrum of G + in 8-D-3 0 -dGMP at 77 K. The presence of a deuteron at C8 rather than a proton reduces the ca. 8 G proton hyperfine coupling (41) to an unresolved 1.2 G deuterium splitting and, thereby, significantly sharpens the ESR spectrum of G + relative to those observed in Figures 5A and 6A . After 200 min of visible light illumination at 77 K, the spectrum in Figure 7B is observed. Computer analysis using the spectrum of G + ( Figure 7A ) and the benchmark spectra in Figure 1 indicates the spectrum in Figure 7B is made up of contributions from G + (85%), C1 0 (6%) and C5 0 (9%) ( Table 2) ; 3 0 -dGMP gave the same results after illumination at 77 K. In earlier work (15), we reported a small contribution from C3 0 ($10%) for a similarly prepared sample, but now believe that was in error.
The ESR spectrum found in a separate sample after 100 min of visible illumination of G + in 8-D-3 0 -dGMP at 143 K is shown in Figure 7C . Prominent line components from C1 0 and an intense central ca. 19 G doublet from C5 0 are visible in the spectrum. Analysis using the spectrum in Figure 7A and the benchmark spectra in Figure 1 indicates the spectrum in Figure 7C contains contributions from C1 0 (35%), C5 0 (50%) and G + (15%). The doublet assigned to C5 0 , created by subtracting the spectra of C1 and G + from Figure 7C is shown in Figure 1B . Samples of 3 0 -dGMP gave an identical final spectrum as that found in Figure 7C for 8-D-3 0 -dGMP; this again confirms that the radicals giving rise to the spectrum are on the sugar moiety.
pH dependence on photo-excitation in G + The effect of visible light illumination at 143 K on G + in 2 0 -dG was investigated at different pHs (see Supplementary Data S2). Photo-conversion of G + to sugar radicals occurs in the pH range 2-6; on the other hand, at pH $7-11, no significant photo-conversion is found. In G + , the pK a of the N1-hydrogen is 3.9 (27) (28) (29) (30) (31) , at pH 7 and above the N1-hydrogen is almost entirely dissociated (reaction 5). Thus, deprotonation at N1 in G + essentially prevents sugar radical formation on illumination. In dsDNA, G + is partially deprotonated (29, 40) ; hence, the partial deprotonation of the one-electron oxidized guanine base in dsDNA may explain the somewhat lower yield of C1 0 , relative to the model nucleosides/tides investigated (Table 4) . Table 4 ). The sample in (A) is red-violet whereas that in (C) is colorless. 
TD-DFT calculations
Our proposed mechanism of action is that on photo-excitation the various sugar radicals are produced by charge and spin delocalization into the sugar moiety of the nucleoside/tide (15) . Subsequent fast deprotonation from the sugar results in the formation of a neutral sugar radical. To aid in our understanding of this mechanism we have performed TD-DFT calculations of the excited states and transition energies using B3LYP functionals and a 6-31G(d) basis set (37) (38) (39) (42) (43) (44) for G + in 2 0 -dG; the TD-DFT method has been shown to produce results superior to other methods for this type of calculation (44) . The structure of G + was first geometry optimized [B3LYP, 6-31G(d)]. The first 12 states predicted throughout the UVA-visible region are shown in Table 3 . All 12 include transitions between lower lying MOs 58-69 and the SOMO 70. TD-DFT calculations were also performed with the much larger 6-311++G(d,p) basis set, with very similar results for energies (each was higher by only 0.05 eV on average), similar wavelengths of the transitions and similar oscillator strengths; thus, our conclusions are not affected by the basis set size (see Supplementary Table S1 ). However, more mixing of MOs in the states occurs with the larger basis set, making the calculation less visually instructive.
The inner filled MOs often have substantial contributions from atomic orbitals on the sugar ring; we have ranked in Table 3 , on a 0-4 scale, each of these MOs according to its extent of delocalization onto the sugar moiety. The fact that transitions with significant delocalization are found throughout the UV-visible region is in good agreement with our results with model compounds that show no significant wavelength dependence for sugar radical formation. DNA, however, shows no sugar radical formation when light with wavelengths >520 nm is used. We speculate that this may be due to base stacking which allows for other energy transfer mechanisms, such as photo-induced hole and energy transfer through the stacked bases in the DNA [(32) and references therein].
In Figure 8 , we show four molecular orbitals for G + in 2 0 -dG computed by TD-DFT (6-31G*, B3LYP) and visualized via Gaussview. As expected, the SOMO for G + indicates the hole is localized on the guanine base. As seen in the MOs in Figure 8 and indicated in Table 3 , many of the filled inner MOs have most of the MO localized on the sugar ring. As a consequence, significant contribution of these MOs to singly excited states transfers the hole from the guanine ring to the sugar ring. In several MO's (61b, 67b) there is a large contribution of orbitals at C5
0 . This is of interest since positive charge localized at C5 0 would tend to promote deprotonation from this site and may explain the predominance of formation C5 0 in some cases. Finally, we note that the transition oscillator strengths are weakest for systems in which the lower energy MO is solely on the sugar ring (e.g. 67b ! 70b) and strongest for systems in which the lower energy MO is on both the base and the sugar (e.g. 58b!70b). (Table 3 ).
DISCUSSION
Our results clearly demonstrate that visible illumination of guanine radical cations at elevated temperatures results in high yields of sugar radicals. Table 4 summarizes the yields of these sugar radicals at both 77 and 143 K for the compounds investigated.
Identification C1
0 , C3 0 and C5 0
Throughout this work, a central doublet of ca. 19 G in guanine nucleosides/tides is attributed to C5 0 . The collapse of the ca. 19 G doublet for 5
0 -D,D-2 0 -dG is in accord with its assignment to C5 0 ( Figure 5) . A similar collapse of a doublet to a singlet would occur in C4 0 if the only major hydrogen hyperfine coupling present in C4 0 were to one of the C5 0 protons. However, investigations of C4 0 report hyperfine couplings inconsistent with collapse of a ca. 19 G doublet into a singlet on C5 0 dideuteration. This is found both at room temperature in solution (45) , and in a number of single crystal investigations (12, 13, 18, 46) at a variety of temperatures. A single crystal investigation of C5 0 in 2 0 -deoxyadenosine monohydrate reports a single anisotropic C5 0 hydrogen hyperfine coupling with a iso ¼ ca. 19 G and a small (5 G) coupling to a C4 0 hydrogen (12, 13) ; this is entirely consistent with our assignment for C5 0 . It is also noteworthy that deuteration at C3 0 and dideuteration at C5 0 in 2 0 -dG have no effect on the spectra and couplings assigned to C3 0 and C1 0 ( Figure 5 ). This is entirely consistent with these assignments since significant hyperfine couplings from C5 0 protons are not expected for C3 0 and C1 0 . Theoretical calculations of the hyperfine coupling constants of the individual radicals are also consistent with each of these assignments (21) (22) (23) (24) (25) (26) .
The status of C4 0 is of interest, because we have not observed it, even though calculations show it is energetically as stable as C1 0 and C3 0 (21) (22) (23) (24) (25) (26) . One possibility is that C4 0 may be present as an underlying broad spectrum and, as a result, be hidden under the more resolved line components of other radicals (18) . It is also well known that C4 0 is unstable toward beta-phosphate elimination with the formation of a highly reactive enol-ether radical cation intermediate (7, (47) (48) (49) (50) (51) . This latter species is highly oxidizing and readily reforms the guanine radical cation via electron transfer (47) (48) (49) (50) (51) . The activation energy and rate of beta-phosphate elimination from C4 0 in model systems is known (47) ; from these values the half life of the C4 0 radical in nucleotides can be estimated to be on the order of only a few seconds at 143 K. Thus, C4 0 may be too short lived to be observed in 3 0 -and 5 0 -dGMP, owing to facile beta-phosphate elimination. However, this would not explain the absence of C4 0 in 2 0 -dG where no phosphate is present.
Effect of phosphate groups on radical formation from photoexcitation of G + in model compounds
We have previously presented evidence that the presence of a phosphate group (instead of a hydroxyl group) at C3 0 and C5 0 deactivates the site to radical formation (15) . This was supported by previous theoretical calculations for the relative stability of sugar phosphate radicals that indicated a destabilization of the resultant radical on phosphate substitution (22, 23) . In our current work, the experimental data indicate that the effect involves more than energy considerations. As can be seen in Table 4 , a phosphate group at C3 0 or C5 0 does discourage radical formation at C3 0 or C5 0 , respectively, on photo-excitation of G + at 143 K, consistent with energy considerations. However, at 77 K, phosphate substitution at C5 0 does not reduce the percentage of C5 0 found (Table 4) , suggesting that sugar radical formation is driven by the charge distribution in the excited state. For dsDNA the fact that only C1 0 is observed via photo-excitation of G + (Figure 3 ) (15), is consistent with phosphate group deactivation of the C3 0 and C5 0 sites toward radical formation. It is, of course, likely that other factors, such as the DNA conformation, come into play. For example, single-stranded DNA may exhibit different behavior from the double-stranded form (under investigation).
Mechanism of sugar radical formation
Based on our earlier work (15) , and the current experimental and theoretical studies, our proposed mechanism of action is that positive charge and unpaired spin density delocalization occurs from the DNA base into the sugar phosphate moiety via light-induced electronic excitation (from inner MOs to the SOMO). This is followed by a rapid deprotonation from those sugar sites on which charge and spin is concentrated (Scheme 3) resulting in a neutral sugar radical.
The electronic component of the excitation is supported by our TD-DFT calculations, which show that transitions in the 1.5-3.7 eV energy range (UVA-visible) for G + in 2 0 -dG produce singly excited states leading to transfer of charge and unpaired spin density from the guanine ring to the sugar ring. We note that as the sugar conformation changes, the MOs and their contributions to transitions will be altered (Table 3) . A conformationally driven change in the charge/spin distribution in the excited dGMP radical cation may explain why 5 0 -dGMP produces mostly C5 0 at 77 K, but C1 0 at 143 K in which molecular relaxation is allowed. The deprotonation from the sugar group in the excited radical cation will be followed by relaxation of the resulting neutral sugar radical and its surrounding solvation shell, coupled with diffusion of a proton away from the radical site; these processes will be augmented by the lower viscosity of the glass at 143 K. The increased solvent rotational/translational mobility at 143 K will also provide proton accepting sites that are not available at 77 K. Clearly, the sugar sites of highest positive charge density will have the greatest tendency toward deprotonation and these sites are not necessarily correlated with the energy of the resulting radical. Thus, radical formation may, in some circumstances, be partially or largely under kinetic rather than thermodynamic control. In dsDNA in ices, unlike the deoxyribonucleoside/tide systems in glasses, we do not observe any increase in the conversion of G + to C1 0 at 143 K as opposed to 77 K. In DNA, there are already available, at 77 K, multiple local sites on the DNA itself for proton attachment as well as a structure that allows for facile proton diffusion. As a consequence, the increase in temperature provides few new opportunities for deprotonation. For dsDNA, previous work has shown that G + is in equilibrium with G(ÀH) through a proton transfer from the guanine N1-H to N3 of cytosine (27, 29, 38) . In our pH study with nucleosides, G(ÀH) in mononucleotides does not form sugar radicals by illumination even at 143 K.
Our TD-DFT calculations are consistent with the observed lack of wavelength dependence on sugar radical formation in nucleosides/tides since they show that there are electronic transitions allowed which delocalize spin and positive charge (the hole) to the sugar moiety throughout the full spectral region (Figure 8 ). In dsDNA, however, a wavelength dependence of sugar radical formation is found since only in the range of 310-480 nm does photo-induced formation of C1 0 from G + occur. Since base stacking in DNA is well known to permit photo-induced transfer of charge and spin to nearby bases, such hole transfer may compete with hole transfer to the adjoining deoxyribose moiety (30, (50) (51) (52) . To produce the observed wavelength dependence, hole transfer to adjacent DNA bases as a deactivation mechanism would need to be most effective in the 1.5-2.5 eV range, with transfer to the sugar competitive at higher energies.
CONCLUSION
This work shows that guanine radical cations in DNA and model systems readily convert to deoxyribose radicals via photo-excitation. The use of elevated temperatures which more closely correspond to biological conditions is shown to lead to near complete conversion in model systems. The mechanism observed here and in our earlier work (15) has not been recognized in the past and may bear on the conclusions reached in some earlier works [(14,32) and the references therein]. For example, in a study of photolysed 5 0 -dCMP, it was hypothesized that the radical cations produced by laser two-photon ionization produced sugar radicals via ground-state deprotonation at C1 0 or hydrogen abstraction from C5 0 (14) . Formation of sugar radicals via excitation of the cytosine radical cation, as observed here for the guanine radical cation, is a plausible alternative explanation. In addition, many investigations of hole transfer through DNA are based on competition of the hole transfer with the quenching reaction of the hole (G + ) with water, forming 8-HO-G and ultimately 8-oxo-G (32,33,52-54 ). Since continuous irradiation is often employed during these experiments, it is clear from our work that photo-excited G + can also be quenched by the formation of C1 0 . We also note that C1 0 in DNA results in a site, which, as 8-oxo-G, is susceptible to piperidineinduced DNA-strand cleavage (5-7) . If, as we suggest, formation of C1 0 is competitive with water addition, then hole transfer distances could be effectively limited by high light intensities.
APPENDIX
C1
0 benchmark
The benchmark spectrum for C1 0 ( Figure 1A ) was obtained from 5 0 -dGMP by producing G + using Cl 2 À (as described in Materials and Methods) and illuminating with visible light for 30 min to obtain spectrum 6C, which is a composite spectrum originating from 95% C1 0 and 5% C3 0 . The small amount of C3 0 is then subtracted out using a simulation produced with the parameters in Table 1 ( Figure 1E ). The C1 0 quartet spectrum is a result of two hydrogen hyperfine couplings, A(1bH) ¼ 16 G, A(1bH) ¼ 32 G.
C5
The benchmark spectrum for C5 0 ( Figure 1B ) is obtained from 8-D-3 0 -dGMP by visible illumination of G + and subtraction of the spectrum of C1 0 as 40% of the original spectrum. The C1 0 spectrum used for the subtraction was simulated using the hyperfine coupling constants A(1bH) ¼ 15.5 G, A(1bH) ¼ 35 G, g ¼ 2.0029 and a line width of 4 G; this simulation matches the four line components for C1 0 which are clearly visible in the original ESR spectrum. The benchmark is a ca. 19 G doublet at g ¼ 2.0025 (8) (9) (10) (11) (12) (13) (14) (15) (16) (17) (18) (19) .
C3
The g-value for C3 0 is $2.0032 in all systems studied here but the measured couplings for C3 0 vary slightly with compound and temperature. The benchmark spectrum for C3 0 in Figure 1C is produced by visible illumination of G + at 143 K, followed by subtraction of the C5 0 benchmark ( Figure 1B) as 55%, C1 0 as 7% and G + as 3% from the original spectrum. A simulation ( Figure 1D ) using the hyperfine couplings and g-value given in Table 1 and 6 G line width matches this spectrum very well. The benchmark spectrum for C3 0 in Figure 1E is based on an experiment in which G + in 5 0 -dGMP is photolyzed with a xenon lamp (filtered to 340-370 nm) for 300 min at 77 K, at which point the four outer lines of C3 0 are visible, followed by subtraction of the C5 0 benchmark ( Figure 1B) as 28%, C1 0 benchmark as 5% and G + as 47% from the original spectrum. It was also simulated using A(1bH) ¼ 20 G, A(1bH) ¼ 30 G, A(1bH) ¼ 41 G with a 7 G line width and g ¼ 2.0032, as shown in Figure 1F .
